In this paper, neural network theory is used to improve the positioning accuracy of smooth impact drive mechanisms (SIDMs), by designing a displacement controller that consists of a neural network identification (NNI) and a neural network controller (NNC). The dynamics of the SIDM are described by the NNI, which consists of an input layer, hidden layer, and output layer. The parameters of the NNI are adjusted using back propagation. The NNC is designed as a proportional-derivative (PD) controller, which is used to accurately control the displacement of the SIDM.
Introduction
Thanks to the rapid development of microassembly and nanoscale technologies, increasing numbers of actuators and positioning control strategies have been researched and incrementally applied in different areas [1] [2] [3] . Piezoelectric ultrasonic actuators, piezoelectric inertial actuators, and piezoelectric inchworm actuators are widely used due to their high resolution, high stiffness, and rapid response [4, 5] . Piezoelectric inertial actuators, including inertial driving mechanisms [6, 7] , smooth impact drive mechanisms (SIDMs) [8, 9] , and resonant-type SIDMs [10] [11] [12] [13] , have been increasingly researched. The SIDM, in particular, has received increasing attention due to its simple working principle.
In recent years, many driving waveforms have been designed to improve the positioning accuracy of the SIDM, such as ramp, trapezoid, and quasi saw-tooth driving waveforms. However, it is hard for an SIDM to adapt to changes in working conditions, because its driving waveform optimization is open loop. Hence, it cannot achieve nano positioning accuracy; consequently, closed loop control is gaining wider attention. This method has been used for different kinds of motor control such as a fuzzy logic control [14] and proportion integral derivative (PID) control [1] .
In this paper, a neural network controller (NNC) is presented to control the positioning accuracy of an SIDM precisely. Because of the characteristics of hysteresis and creep, the length of a piezoelectric stack will change nonlinearly when it is excited by electricity. Moreover, one of the characteristics of friction force is nonlinearity [15, 16] , which makes it difficult to obtain an accurate dynamic mechanism model of the SIDM. In addition, due to large inertia, time variance, and nonlinearity, it is difficult for the conventional PID control system to guarantee SIDM control quality. The neural network has no linear expression ability by the learning performance of the system to achieve the best combination of PID control. Therefore, a neural network can be used to build a more accurate prediction model via the input and output experiment data [17] [18] [19] . This paper proposes a positioning accuracy controller of the designed SIDM by taking advantage of neural network methodology. The controller is composed of a neural network identification (NNI) and an NNC. The parameters of the NNI are identified using back propagation. The NNC is composed of a proportional-derivative (PD)
controller. The experiments show that a prototype of the SIDM and controller can obtain nanoscale positioning accuracy, and the control system can maintain steady operation when the load changes. This paper is organized as follows. In Section 2, the movement principles of an SIDM are analyzed. Section 3 presents the design of the controller, including the NNI and the NNC. Section 4 presents a fabricated prototype of the SIDM and the experimental system. In Section 5, the experimental results are presented under different working conditions. Section 6 provides a discussion and conclusion.
Structure and working principles of a SIDM
In this paper, an SIDM is composed of piezoelectric stack, friction rod, and slider, as shown in Figure 1 . When the piezoelectric stack is excited by the electricity, it simultaneously extends and pushes the friction rod, which then moves forward because of the friction between the rod and the slider. The working process of the SIDM can be classified into four moving phases when the SIDM is excited by a trapezoid signal, as illustrated in Figure 2 . A-B: refers to the rising edge of the driving voltage, which is the stick stage between the slider and frictional rod. The piezoelectric stack extends slowly, the friction rod is pushed directly forward by the driving friction force, and a small forward distance, ∆y 1 of the slider, is produced. B-C: The stack stays in the extended state. The slider continues to move by another small forward distance ∆y 2 . During this stage, the motion of the slider is affected by both the inertial force and the frictional resistance force. Finally, the velocity of the slider becomes zero. C-D: refers to the falling signal edge of the driving voltage, which is the slip stage between the slider and frictional rod. The stack extrudes rapidly. There is dynamic friction between the friction rod and slider. The slider is driven in a small backward distance ∆y 3 by the frictional resistance force.
D-E:
The stack returns to its original length and maintains it for a short time. At this stage, another backward distance ∆y 4 of the slider is produced by the inertial force and frictional resistance force. These steps compose a cycle of an SIDM, and the effective value for ∆y 5 can be expressed as follows:
where the forward distances, ∆y 1 and ∆y 2 , are positive, and the backward distances, ∆y 3 and ∆y 4 , are negative.
Amplitude, frequency, and the four driving phases of the trapezoid-driving waveform affect the effective step of SIDM.
Design of the controller system
The controller is composed of the NNI and NNC. The dynamics of the SIDM are described by the NNI, which is made up of the input layer, hidden layer, and output layer. The parameters of the NNI are adjusted using back propagation. The NNC is designed as a PD controller, which is used to accurately control the displacement of the SIDM. The PD parameters are adjusted by an adaptive adjustment algorithm.
To easily control the SIDM, the amplitude is used to adjust the effective step when the frequency and four driving phases are predetermined. The frequency is fixed at 1 kHz. The time of the rising and falling edges is set to 400 and 40 µ s, respectively, because the SIDM can be driven well at these values. The voltage amplitude of the driving signal is defined as ∆u, as shown in Figure 2 . An effective step distance ∆y is produced when the SIDM is excited by amplitude ∆u ; therefore, an accurate prediction model, using a neural network, should be able to identify the relationship between ∆u and ∆y . ∆ŷ is the output of NNI. The neural network PD controller design is shown in Figure 3 . 
Neural network identification
In this paper, a three-layer back propagation (BP) network is used for the NNI. The input layer includes one neuron for the amplitude of the driving signal. The output layer consists of one neuron for the displacement increment. The hidden layer is composed of eight neurons. The structure of NNI is shown in Figure 4 as follows: 
where ∆u is input amplitude, 1 iw n are the hidden layer parameters, and 2 iw n are the output layer parameters.
Furthermore, x n , X n , and S are the intermediate variables, and f 1 (x n ) and f 2 (S) are the neural functions, expressed as follows:
The NNI indicator function is as follows:
where ε 1 is the allowable error, and the parameters of the hidden and output layer are identified via the input and output data. The parameters are adjusted as follows:
where a 1 represents the learning rate for adjusting parameters 2 iw n and 1 iw n .
Neural network controller
The PD controller is used in the NNC program of the neural network module. PD neurons are used for the NNC. The function of the calculated electrical amplitude is shown as follows:
where wpd 1 (k) and wpd 2 (k) are the parameters of the proportional and derivative neurons, respectively.
The indicator function of NNC is expressed as follows:
The parameters of the NNC are adjusted with the gradient decent algorithm, whose detailed expressions are as follows:
where the a 2 is learning rate for the NNC.
Experimental system
An experiment is performed to validate the availability of the designed controller. The prototype of the designed SIDM is shown in Figure 5 .
The actuator mainly includes a piezoelectric stack, a frictional rod, a slider, and a preload mechanism.
The piezoelectric stack (AE0203D08DF, NEC-Tokin Corporation, Japan) is fixed tightly and the d 33 working mode is adopted. The frictional rod is bonded to the piezoelectric element by epoxy resin adhesive. Carbon fiber reinforced plastic (CFRP) is used for the frictional rod due to its superior merits of high stiffness and 
Component
Section area (mm 2 ) Length (mm) Piezoelectric stack Frictional rod 3 × 2 ϕ2. 5 10 30
low density. The slider is preloaded to the frictional rod with the preload mechanism. The preload mechanism mainly includes a bolt, a nut, and a spring, and is used to adjust the preload of the prototype. The major dimensions of the components are listed in Table 1 .
The experimental control system, composed of a data acquisition system and data analysis system, is shown in Figure 6 . The lower computer system mainly consists of a data acquisition (DAQ) device (USB-6353, National Instruments Co. Ltd, USA), a laser displacement sensor (LK-H020, Keyence Co. Ltd, Japan), a computer, and the prototype. The DAQ device has four analogy output channels that are used as the asymmetric waveform generator for driving the prototype. When the test system works, the LabVIEW software controlled by the computer is used to provide a driving signal, which is then produced by the DAQ device. The needed voltage is amplified by the power amplifier. The enlarged driving voltage is used to drive the piezoelectric stack. The prototype is excited to generate the continuous output motion. A laser sensor with a resolution of 20 nm is used to measure the motion behavior of the slider, and the test data are gathered by its built-in software via the computer.
The upper computer system is based on LabVIEW, which consists of four modules, namely DAQ, neural networks, driving signal product, and driving signal output modules. A professional program, used to acquire the data based on the LabVIEW, was supplied by the Keyence Company. This program is made as a sub-VI and is used to obtain the data of the slider position based on a "while" loop, as shown in Figure 7 .
The neural network module is composed of two parts, namely NNI and NNC. The relationship between ∆u and ∆y of the SIDM should be identified by the NNI program. Figure 8 shows the NNI part of the neural network program. This NNI part is composed of four inputs, namely target sample, parameters of output layer, parameters of hidden layer, and input voltage amplitude. The relationship between ∆u and ∆y of the SIDM is identified with outline identification. The parameters of the hiding layer and output layer are calculated out. Figure 9 shows the NNC part, trapezium signal product module, and driving signal output module program of the neural network module.
In the trapezium signal product module, the driving signal is produced by the parameters of electrical amplitude, sample frequency, trapezium signal sequence, etc. The base electrical amplitude is applied to adjust the output electrical amplitude. In the driving signal output module, the produced trapezium driving signal is transported to the lower computer.
The upper computer program flow chart is shown in Figure 10 . When the program is booted, the software system is initialized. Then the motor's slider position data are collected and input into the program. The coarse target position is preset. When the slider is not in the target position, the neural network module is used to calculate voltage amplitude, which is used to produce a trapezoid driving waveform.
When the slider reaches the coarse position, a direct voltage offset method is applied to adjust the motor position precisely. In the precise adjustment process, the NNC can calculate the compensating direct voltage, and the piezoelectric stack is stimulated to adjust the slider position precisely.
Experimental results
The experimental parameters are set as shown in Table 2 . The SIDM was driven and controlled using these parameters. The process is composed of coarse and accurate adjustment, as shown in Figure 10 . The parameters of the neural networks for the coarse adjustment
2 iw c n and the accurate adjustment 1 iw a n , 2 iw a n are listed in Table 3 . When the program is booted, the driving signal from the upper computer system is conveyed to the SIDM. The slider is driven to the target position from the initial position.
The slider mass was 25 g, and the slider stopped at the range of allowable error. Then the NNC for accurate adjustment began to work. The amplitude of the trapezoid driving signal is shown in Figure 11a and the slider displacement is shown in Figure 11b .
To test the adaptability of the control system, the mass of the slider was changed to 45 and 65 g. The experimental results are shown in Figures 12 and 13 These results show that the control system works steadily when the slider mass is changed to 45 and 65 g. The control system can work steadily and the allowable load range is large.
In Figures 11-13 , the response time is about 10 s, but it is not the SIDM's limitation and it is mainly determined by the driving signal (amplitude and frequency) and load. This paper focuses on the positioning accuracy control of a SIDM. Therefore, the amplitude of driving voltage is relatively low, resulting in a long response time and lead time. A power analyzer (NORMA4000, Fluke Co., Ltd., USA) is used to measure the current and input power of the actuator. The current of the driving waveform is 2.88 mA from 1 to 10 s. From 10 to 25 s, the driving current of the driving waveform is 2.23 mA. The input power of the driving waveform is 0.22 mW from 1 to 10 s. From 10 to 25 s, the driving current of the driving waveform is 0.09 mW. The proposed control system has the advantages of good control effect, dynamic control, robustness, and adaptability, which makes up for the difficulty of conventional PID control for parameter-setting in the SIDM control.
Discussion and conclusion
Due to the complexity of the piezoelectric stack characteristic and friction models, it is difficult to establish a dynamic and real-time control system to maintain the positioning accuracy of the designed SIDM. This paper proposes a positioning accuracy controller for the SIDM by taking advantage of neural network methodology, which is composed of NNI and NNC. The dynamics of the SIDM are described by the NNI and PD controller used in the NNC program of the neural network module. The proposed neural network controller has the advantage of learning and compensating for the nonlinearities of the complex system. The experimental results show that different slider masses can be driven successfully and meet the demand for positioning accuracy of ±30 nm. The control system can work steadily. In order to present the advantages of the proposed positioning accuracy controller and achieve good performance (higher positioning accuracy), our future work will research other classical control strategies in-depth.
